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Coupling between voltage-gated Ca2+ influx and synaptic vesicle exocytosis is essential for rapid evoked
neurotransmission. Acuna et al. show that the knockout of RIM-BPs, which are key structural components
of this coupling, decreases the reliability of evoked neurotransmitter release.Rapid chemical synaptic communication
in the brain requires synchronous neu-
rotransmitter release triggered by action-
potential-triggered Ca2+ influx. This
evoked fusion of neurotransmitter-laden
synaptic vesicles with the plasma mem-
brane occurs at the presynaptic active
zone. The active zone protein scaffold
ensures reliable transmission of informa-
tion encoded in presynaptic action poten-
tials to the postsynaptic neuron (Su¨dhof,
2012). This scaffold also serves as a sub-
strate for regulation and plasticity. How-
ever, given the reliance of this process
on a series of protein-protein interactions,
it has been an enduring puzzle as to how
the rapid pace of coupling—in the order
of 100 ms—between presynaptic action
potentials and synaptic vesicle fusion
events can be accomplished (Sabatini
and Regehr, 1996).
To achieve rapid synchronous neuro-
transmission, voltage-gated Ca2+ chan-
nels are positioned within nanometers of
the sites of synaptic vesicle fusionmarked
by a complex of active zone proteins (Eg-
germann et al., 2012). Earlier studies have
defined a cascade of interacting proteins
that link voltage-gated Ca2+ channels to
the site of synaptic vesicle fusion. Among
the vast network of active zone proteins,
RIM1 and RIM2 have been particularly
important as they nucleate a scaffold
bridging voltage-gated Ca2+ channels
to munc-13—a key component of the
release apparatus—as well as to synaptic
vesicles via interactions with vesicular
proteins such as rab3A (Schoch et al.,
2002) (Figure 1). Accordingly, loss of
RIM1 and RIM2 leads to misalignment of
synaptic vesicles and voltage-gated
Ca2+ channels as well as a substantial
reduction in current flow through presyn-aptic Ca2+ channels (Kaeser et al., 2011;
Han et al., 2011).
In this issue of Neuron, Acuna and col-
leagues examine the function of RIM-
binding proteins (RIM-BPs) that are key
components of this ‘‘RIM scaffold’’ that
couples voltage-gated Ca2+ channels to
synaptic vesicle release (Acuna et al.,
2015). In vertebrates, RIM-BPs are en-
coded by three genes where RIM-BP1
and RIM-BP2 are primarily expressed in
brain, while RIM-BP3 largely resides
outside of brain (Mittelstaedt and Schoch,
2007). All RIM-BPs contain an N-terminal
and two C-terminal SH3-domains. RIM-
BP SH3-domains bind to proline-rich se-
quences in P/Q-, N-, and L-type voltage-
gated Ca2+ channels and to RIMs (Wang
et al., 2000; Hibino et al., 2002; Kaeser
et al., 2011) (Figure 1). In agreement with
this premise, in earlier studies, the impair-
ment in presynaptic Ca2+ influx seen in
RIM-deficient synapses could only be
rescued by expression of RIMs containing
the RIM-BP-binding sequence (Kaeser
et al., 2011). This result supported the
conclusion that RIM-BP and RIM interac-
tion is important for localizing Ca2+ chan-
nels to active zones, but did not exclude a
role for other SH3-domain-containing
proteins that may also bind to RIMs and
regulate Ca2+ channel clustering.
In order to directly address the function
of RIM-BPs, here, the authors use a ge-
netic approach to delete brain-specific
RIM-BPs in hippocampal neurons and in
separate experiments at the calyx of
Held to investigate their role in neuro-
transmitter release (Acuna et al., 2015).
A strength of the study is the parallel ex-
periments in small hippocampal synap-
ses—using an optogenetic approach to
study unitary synaptic contacts—and inNeuron 87, Septhe calyx of Held, a large synapse located
at the auditory brainstem, that provides a
complementary set of data on how RIM-
BPs impact release. The analysis of hip-
pocampal synapses is important as these
small synapses constitute the predomi-
nant form of synaptic connectivity in the
central nervous system. Large synapses
such as the calyx of Held, on the other
hand, present a biophysically accessible
model system to analyze Ca2+ channel
fusion coupling by enabling direct electro-
physiological assessment of presynaptic
Ca2+ channels.
The authors probed unitary hippocam-
pal synaptic connections between neu-
rons in paired recordings facilitated by
channelrhodopsin2-mediated activation
of presynaptic neurons. In this setting,
they detected an increase in trial-to-
trial variability of neurotransmitter release
andan increase in synaptic release failures
in RIM-BP-deficient excitatory connec-
tions, indicating a decrease in neurotrans-
mitter release probability. RIM-BP1- and
RIM-BP2-deficient calyx synapses, on
the other hand, showed a significant
decrease in the amount of action-poten-
tial-induced release and release probabil-
ity. However, unlike earlier studies on
RIM-deficient synapses, at the calyx of
Held, loss of RIM-BPs did not lead to alter-
ations in the observable properties of pre-
synaptic Ca2+ channels (Han et al., 2011;
Kaeser et al., 2011; Acuna et al., 2015).
The loss of RIM-BPs also did not impact
the number of synaptic vesicles ready to
be released, so called the ‘‘readily releas-
able pool.’’ Nevertheless, the release was
highly variable in hippocampal synapses,
consistent with an increase in release fail-
ures potentially due to a larger distance
of Ca2+ channels to sites of vesicle fusion.tember 23, 2015 ª2015 Elsevier Inc. 1119
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Figure 1. Schematic Model of Presynaptic Proteins Involved in Synaptic Vesicle Fusion
Synaptic vesicle fusion involves complex interactions among many proteins in the active zone. Fast
synchronous neurotransmitter release depends on the tight coupling between Ca2+ influx into the pre-
synaptic terminal and subsequent synaptic vesicle exocytosis. This is achieved by the localization of
voltage-gated Ca2+ channel to the vicinity of protein complexes that mediate Ca2+-dependent exocytosis.
Active zone protein RIM forms a scaffold linking voltage-gated Ca2+ channels to munc-13 and to synaptic
vesicles via rab3. RIM recruits N- and P/Q-type voltage-gated Ca2+ channels via its PDZ domain. RIM-BP
contains three SH3-domains that interact with voltage-gated Ca2+ channels aswell as with the proline-rich
sequences of RIMs. The complex of RIMs, RIM-BP, and the C-terminal tails of Ca2+ channels is important
for the localization of Ca2+ channels to the active zone. Ca2+ influx through these channels triggers syn-
aptic vesicle fusion by eliciting a cascade of protein-protein interactions (key proteins include synapto-
tagmin, SNARE proteins [synaptobrevin, syntaxin, and SNAP-25], munc18, and complexin).
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PreviewsIn agreement with this premise, the re-
lease at RIM-BP-deficient synapses was
more sensitive to the slow Ca2+-buffer
EGTA than release at wild-type syn-
apses, suggesting that the distance that
incoming Ca2+ ions need to traverse to
elicit vesicle fusion is longer. Taken
together, the results from both systems
are consistent with the interpretation that
RIM-BPs regulate efficient coupling be-
tween voltage-gated Ca2+ channels and
synaptic vesicles within the readily releas-
able pool without affecting the properties
of Ca2+ influx at the presynaptic terminal.
The authors also demonstrated that this
uncoupling between voltage-gated Ca2+
channels and synaptic vesicle fusion
events in RIM-BP-deficient synapses had
a profound impact on neurotransmission
fidelity during high-frequency spike trains
measured in calyx synapses.
The current results agree with earlier
biochemical studies on the interactions
of RIM-BPs with RIMs and voltage-
gated Ca2+ channels (Wang et al.,
2000; Hibino et al., 2002; Kaeser et al.,
2011). RIM-BPs appear to connect
Ca2+ channels to the active zone in part-
nership with RIMs, which also directly
bind to Ca2+ channels (Kaeser et al.,
2011). However, RIM- and RIM-BP-defi-
cient synapses differ significantly with
respect to their Ca2+ influx phenotype.1120 Neuron 87, September 23, 2015 ª2015RIM-deficient synapses exhibit a sub-
stantial loss of Ca2+ channels from pre-
synaptic terminals (Kaeser et al., 2011)
and a decrease in overall presynaptic
Ca2+ influx (Han et al., 2011; Kaeser
et al., 2011), whereas in RIM-BP-defi-
cient synapses presynaptic Ca2+ cur-
rents remain unaffected. This phenotypic
difference suggests that RIMs perform a
core function in recruiting Ca2+ channels
and RIM-BPs to the active zone. A cen-
tral role for RIMs in active zone assembly
is also consistent with the finding that
loss of RIMs alter spontaneous release
(Kaeser et al., 2012), but RIM-BP defi-
cient synapses have largely intact spon-
taneous release properties (Acuna et al.,
2015).
The relative impact of RIM versus RIM-
BP loss-of-function also varies in different
organisms despite their evolutionary con-
servation. The deletion of RIM-BP at the
Drosophila neuromuscular junction re-
sults in a more substantive phenotype
that influences coupling of vesicles to
Ca2+ influx as well as deficiencies in the
properties of the readily releasable synap-
tic vesicle pool (Mu¨ller et al., 2015). Com-
parison of RIM and RIM-BP loss-of-func-
tion phenotypes in mouse and Drosophila
synapses suggests that, in mammals,
RIM proteins are dominant in nucleating
functional active zones, whereas RIM-Elsevier Inc.BPs play a regulatory role (Schoch et al.,
2002; Kaeser et al., 2011; Acuna et al.,
2015). In contrast, in Drosophila RIM-
BPs appear to be essential for proper or-
ganization of the active zone, whereas
RIMs play a lesser role (Liu et al., 2011;
Mu¨ller et al., 2015).
The current study by Acuna et al. (2015)
provides new insight into the role of
RIM-BPs in neurotransmitter release in
ensuring accurate information transfer in
mammalian central neuronal circuits.
The finding that loss of RIM-BPs substan-
tially impairs the reliability of synaptic
transmission during activity advances
our understanding of the role of these
proteins in synaptic transmission. These
findings, when taken together with the
identification of RIM-BP1mutations asso-
ciated with certain neuropsychiatric dis-
orders (Acuna et al., 2015), suggests a
key role for the precision of rapid informa-
tion transfer at synaptic circuits in the
pathophysiology of brain disorders. Given
their critical role in Ca2+ influx-fusion
coupling, RIM-BPs may provide a target
for signaling cascades and a key sub-
strate for synaptic plasticity, as even
subtle alterations in voltage-gated Ca2+
channel-fusion coupling can have pro-
found effects on the efficacy of neuro-
transmitter release (Vyleta and Jonas,
2014). Therefore, it is plausible to expect
that RIM-BPs may mediate presynaptic
forms of long-term synaptic plasticity.
Active zone proteins ensure precise
localization of synaptic vesicles and
voltage-gated Ca2+ channels for rapid
release but are also critical for other forms
of release, likely organizing release into
functionally distinct domains. Interest-
ingly, unlike munc-13 and RIMs (Su¨dhof,
2012; Kaeser et al., 2012), loss of RIM-
BPs does not alter spontaneous release
(in small hippocampal synapses as well
as in the calyx of Held) (Acuna et al.,
2015). In contrast to synchronous neuro-
transmitter release, the spontaneous re-
lease process is independent of the timing
precision of presynaptic action potentials,
as it carries out neuromodulatory and
neuronal signaling functions without be-
ing directly involved in information trans-
fer (Kavalali, 2015). This key difference
highlights a selective role for RIM-BPs
among active zone proteins in the re-
gulation of evoked release without im-
pacting spontaneous neurotransmission.
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PreviewsThe current data suggest that the interac-
tion of RIM-BPs with voltage-gated Ca2+
channels isolates the regulation of evoked
release from spontaneous fusion. How-
ever, there is growing evidence that spon-
taneous release events may also be
regulated by voltage-gated Ca2+ influx,
suggesting that other active zone proteins
may act as the main substrate for Ca2+-
dependent regulation of spontaneous
release (Kavalali, 2015). In sum, the study
by Acuna et al. (2015) provides a new
perspective on the emerging picture that
single active zones not only form struc-
tural scaffolds but also function as
versatile platforms that organize time-
dependent properties of neurotransmitter
release and render distinct forms of
neurotransmitter release susceptible to
selective plasticity.REFERENCES
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Random is not a word often used in describing nervous system organization and its development. Yet, in this
issue of Neuron, Owens et al. (2015) identify stochastic interactions of molecular and activity-dependent
forces that can produce heterogeneous retinocollicular maps.Topographic maps, in which neighboring
neurons have similar functional properties
(e.g., adjacent visual receptive fields), are
a fundamental feature of sensory and
motor systems. To produce topographic
maps, nearby neurons in an input region
need to connect to nearby neurons in a
target region. How developing neurons
establish such spatially ordered connec-
tivity, particularly when targets are far
away and intervening axons disorganized,
is an intriguing question, addressed by
Owens et al. (2015) for projections from
the retina to superior colliculus (SC).
Retinal ganglion cell (RGC) axons inner-
vate superficial layers of SC (Dhandeet al., 2011), a midbrain structure, which
integrates visual input with auditory and
somatosensory information and gener-
ates commands that direct head and eye
movements toward salient features of
the environment (May, 2006). In the reti-
nocollicular projection, the naso-temporal
(N-T) axis of the retina is mapped onto the
anterior-posterior (A-P) axis of SC, and
the dorso-ventral axis of the retina is
mapped onto the medio-lateral axis of
SC. This superficial map of visual space
is aligned with sensory and motor maps
in intermediate and deep layers of
SC, such that activity in motor layers
directs an animal’s gaze to the locationrepresented in the overlying visual map
(Schiller and Stryker, 1972).
In this issue of Neuron, Owens et al.
(2015) examine how RGC axons achieve
ordered distributions along the A-P axis
of SC. This projection has long served as
amodel system for studies of topographic
mapping (Cang and Feldheim, 2013).
As part of his chemoaffinity hypothesis,
Sperry proposed that ‘‘cytochemical gra-
dients’’ on RGC axons and SC neurons
define the positions of their connections
(Sperry, 1963). Matching this prediction,
EphA receptors were found to be ex-
pressed in a low-nasal to high-temporal
gradient in RGCs, while SC neuronstember 23, 2015 ª2015 Elsevier Inc. 1121
